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Zonal 
and 

M
eridional 

C
irculation

Large-scale 
m

ovem
ents 

of 
w

arm
 

air 
polew

ard and cold air equaterw
ard provide a 

balance 
betw

een 
energy 

surpluses 
at 

low
 

latitudes and energy deficits at high latitudes. 
W

hen the tem
perature difference betw

een high 
and low

 latitudes is relatively sm
all, as is typical in 

sum
m

er, the circulation of the atm
osphere is 

w
eaker and m

ore zonal, or m
ore nearly w

est to 
east (fig. 2). 

W
hen the tem

perature contrast is 
high, as in w

inter, the circulation m
ay becom

e 
stronger and m

ore m
eridional, or north-south. 

Thus, seasonal variations in w
eather patterns can 

typically be characterized by the persistence of 
one or the other of these tw

o circulation regim
es.

C
hanges 

in 
the 

am
plitude 

of 
these 

planetary-scale circulation "w
aves" reflect the 

positions and intensities of high and low
 pressure 

system
s around the globe. 

The region beneath a 
w

ave crest is characterized by high pressure. It is 
typically referred to as a high pressure "ridge." 
Such ridges serve to m

ove relatively w
arm

 air 
polew

ard and are generally associated w
ith fair 

w
eather conditions. 

The w
ave depressions are 

regions of low
 pressure, and are referred to as low

 
pressure "troughs." 

Troughs of low
 pressure 

w
ithin the general circulation m

ove relatively cold 
air equatorw

ard and are generally associated w
ith 

storm
y conditions. 

O
ccasionally the am

plitude of 
a low

 pressure trough becom
es so great that the 

circulation folds back onto itself, thereby cutting 
the low

 pressure system
 off from

 the general 
circulation. 

W
ithout the m

om
entum

 provided by 
the general circulation such "cut-off" low

s tend to 
persist 

over 
an 

area, 
som

etim
es 

bringing 
storm

iness for a w
eek or m

ore. 
In contrast, 

protracted periods of fair w
eather can accom

pany 
a high pressure ridge cut-off from

 the general 
circulation. 

Such ridges are frequently referred to 
as "blocking" highs, because they tend to block 
the m

ovem
ent of storm

 system
s into an area.
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Figure 2. Zonal and m
eridional com

ponents of the horizontal circulation of the atm
osphere. 

The letter L
 refers to low

 pressure and H
 to high pressure.
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V
a
ria

b
ility 

and 
T

rends
P

recipitation is a highly variable 
quantity both in space and tim

e. 
A

nalysis 
of 

precipitation 
data 

for 
the 

N
orthern 

H
em

isphere from
 the m

id-19th century to 
the present (B

radley and others, 
1987), 

and 
of 

m
uch 

longer 
proxy 

series 
reconstructed from

 tree rings, indicate that 
significant 

regional 
variations 

have 
occurred over decadal and longer tim

e 
scales. 

H
em

ispherically, 
decadal 

and 
longer fluctuations in precipitation are also 
evident, although there does not appear to 
be 

any 
system

atic trend over the 
past 

century (fig. 4A).
P

atterns in specific regions have 
been 

variable 
(fig. 

48). 
E

urope, 
for 

exam
ple, has undergone a sm

all but steady 
increase in precipitation since the 1860's. 
In the U

nited States, precipitation declined 
betw

een the 1880's and the 1930's. 
S

ince 
the 

1930's, 
how

ever, there 
has been 

a 
general increase w

ith the m
ost m

arked rise 
occurring 

since 
the 

m
id-1950's. 

P
recipitation over the S

oviet U
nion has 

increased significantly since the 1880's, 
w

ith m
ost of the change occurring before 

1900 and after 1940. 
In N

orthern A
frica 

and the M
iddle East, precipitation exhibited 

little trend 
betw

een 
1900 

and the 
late- 

1940's. 
S

ince then, how
ever, precipitation 

has declined dram
atically. 

In S
outheastern 

A
sia, a relatively w

et period in the 1920's 
and early 1930's separated tw

o protracted 
periods of relative dryness. 

The first w
as 

centered 
around 

1900 and the 
second 

extended from
 the 

m
id-1960's until the 

present.

D
uring the 

past 30 to 
40 

years 
there 

have 
been 

som
e 

significant 
differences in the tem

poral distribution of 
precipitation on a latitudinal basis. 

In the 
m

iddle 
latitudes 

(35° 
to 70° 

N
), 

for 
exam

ple, a significant precipitation increase 
has 

occurred 
since 

1940. 
In the 

sub 
tropical latitudes (5° to 35° N), how

ever, a 
significant decrease is evident since the 
m

id-1950's. 
In the north equatorial region 

(0° to 5° N
), little or no trend is evident in 

the record during the past century.
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 the zero line). 
(S

ource: Karl and Koscielny, 1982).
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The 
D

rought 
in a G

lobal 
P

erspective
In recent years, a grow

ing am
ount of evidence 

has been acquired indicating that atm
ospheric and 

oceanic conditions in one part of the globe affect the 
w

eather and clim
ate in another part of the globe. 

The 
El 

N
ino/S

outhern 
O

scillation 
is 

one 
of the 

m
ost 

frequently 
cited 

exam
ples. 

H
ow

ever, 
during the 

drought of 1988 there w
as no El Ni no occurring in the 

tropical Pacific. 
So w

hat can w
e say about the relation 

of this drought to regions of anom
alous conditions 

elsew
here 

around 
the w

orld? 
In 

short, 
nothing 

definitively at present. 
A

lthough several scientists 
have hypothesized that the drought w

as linked to 
anom

alously w
arm

 sea surface tem
peratures in the 

tropical P
acific (north of the 

El N
ino region), this 

explanation has not yet gained general acceptance. 
In 

addition, despite the "teleconnections" or correlations 
betw

een pressure patterns in one part of the w
orld 

w
ith those in another, m

ost such correlations are w
eak 

to m
oderate and tend to be strongest during the w

inter 
season w

hen pressure gradients are strongest. 
W

est 
central C

anada, the area w
here the anom

alous high 
pressure ridge w

as centered, is not a region w
here 

anom
aly 

patterns 
correlate 

w
ell 

w
ith 

patterns 
elsew

here around the w
orld in spring and sum

m
er (fig. 

7). 
M

oreover, the global m
eteorological anom

alies 
during June, 1988 do not appear to reflect a global 
clim

ate change. 
O

ne can look at charts such as those 
in figure 7 for any m

onth of the year, in any year, and 
see tem

perature and precipitation anom
alies of sim

ilar 
or even greater spatial extent w

idely distributed around 
the w

orld. 
There do not appear to be any trends 

evident 
in 

these 
anom

alies that 
are 

in 
any w

ay 
indicative of a condition differentiable from

 the natural 
variability of the clim

ate system
.

B

Shading depict* region* w
here tem

perature 
anom

aNM
 w

ere M
tim

ated to be w
ithin 

the w
arm

M
t 10%

 or cokleet 10%
 of 

cNm
atotogtceJ occurrence*

June, 1988

 flO
flM

w
M

 W
ere1 M

o
n

M
tttd

 tO
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e
 W

ith
m

the w
etteet 10%

 or driest 10%
 of 

c»m
atok>gic«l occurrence* 

Ju
n

e, 1
9

8
8

Figure 7. G
lobal tem

perature (A) and precipitation (B) anom
alies for June, 1988. 

(S
ource: N

ational 
O

ceanic and A
tm

ospheric A
dm

inistration, C
lim

ate A
nalysis C

enter).
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E
nergy 

B
alance of the 

E
arth's S

urface and 
A

tm
osphere

The 
com

plexity 
of 

the 
global 

clim
ate system

, of w
hich the greenhouse 

effect is a part, is illustrated in figure 8. 
Pathw

ays of incom
ing solar (short-w

ave) 
radiation appear in the dark-shaded areas 
on the left side of the illustration; pathw

ays 
of long-w

ave radiation are depicted on the 
right. 

The units show
n are relative to the 

total incom
ing solar radiation value of 100.

At the outer edge of the E
arth's 

atm
osphere, incom

ing solar short-w
ave 

radiation is balanced by predom
inantly 

long-w
ave outgoing radiation. 

The energy 
balance at the Earth's surface is dom

inated 
by long-w

ave radiation exchange w
ith the 

atm
osphere. 

The 
long-w

ave 
energy 

exchanged at the Earth's surface is m
uch 

larger in m
agnitude than the am

ount of 
short-w

ave solar energy that reaches the 
Earth's surface. 

This am
pliation of the 

Earth-surface energy balance is caused by 
clouds and the greenhouse effect.

An 
idealized 

equilibrium
 energy 

balance is depicted in the figure. The units 
of 

incom
ing 

solar 
energy 

are 
exactly 

balanced by an equal num
ber of units of 

outgoing radiation. 
In reality, the energy 

balance is currently shifting as a result of 
changing concentrations of greenhouse 
gases. The exact nature of this shift is very 
difficult to understand and predict because 
it involves all of the intricate feedbacks that 
com

prise the Earth's clim
ate system

.
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nergy balance of the earth's surface and atm
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ource: 
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. 1976).
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H
istorical 

C
hanges 

in 
A

tm
ospheric 

C
arbon 

D
ioxide

A
nalyses 

of 
ice 

cores 
from

 
G

reenland and A
ntarctica show

 that the 
atm

ospheric C
O

2 concentration rem
ained 

near 280 parts per m
illion for nearly all of 

the 10,000 years since the end of the last 
ice age. 

Then, 
in the 

late 
eighteenth 

century, 
atm

ospheric 
C

O
2 

began 
to 

increase. 
The increase, determ

ined by 
m

easuring 
ice 

core 
air 

bubbles 
and, 

beginning 
in 

the 
early 

1950's, 
by 

co
n

tin
u

o
u

s 
d

ire
ct 

a
tm

o
sp

h
e

ric 
m

easurem
ents, appears in figure 10. 

The 
historic 

rate 
of 

increase 
has 

been 
exponential, 

rising 
to 

a 
present-day 

atm
ospheric C

O
g concentration of about 

350 parts per m
illion.

The source of this carbon dioxide 
increase is predom

inantly the burning of 
fossil fuels, w

ith sm
aller contributions from

 
changes 

in 
land 

use 
(for 

exam
ple, 

deforestation) 
and 

the 
production 

of 
cem

ent from
 lim

estone. 
In fact, the total 

am
ount of C

O
2 released by these activities 

during the last 200 years is about tw
ice the 

am
ount 

of 
carbon 

dioxide 
that 

has 
rem

ained as added atm
ospheric CO

a- The 
rem

ainder of the anthropogenic carbon 
dioxide 

has 
been 

rem
oved 

from
 

the 
atm

osphere by carbon-cycle exchange, 
prim

arily w
ith the oceans. 

There is no 
doubt that the atm

ospheric C
O

2 Increase 
show

n 
here 

is 
the 

result 
of 

hum
an 

activities, but there is significant uncertainty 
about the response of the global carbon 
cycle to this perturbation in one of its key 
com

ponents.
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Figure 10. Variations in the concentration of atm
ospheric C

O
2 as determ

ined from
 ice cores in 

G
reenland and Antarctica. (Source: Siegenthaler and O

eschger, 1987).
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H
istorical 

G
lobal 

W
arm

ing

H
isto

rica
l 

m
ean 

g
lo

b
a
l 

tem
peratures can be estim

ated using data 
from

 m
eteorological stations throughout 

the w
orld. These stations are not uniform

ly 
distributed, how

ever, and spatial averaging 
assum

ptions m
ust, therefore, be applied to 

the stations that are 
available. 

O
ther 

corrections 
m

ust 
be 

used 
for 

stations 
w

here 
m

easurem
ent 

techniques 
or 

locations have changed during the period 
of record. 

N
evertheless, the data show

 a 
statistically significant global w

arm
ing trend.

A
 graph of norm

alized m
ean global 

tem
peratures from

 
1880 through 

1987, 
com

piled by H
ansen and Lebedeff (1988), 

appears as figure 12. 
The overall w

arm
ing 

apparent in this record is close to 
0.8 

degrees C
elsius (1.4 degrees Fahrenheit). 

H
ansen and Lebedeff estim

ate that 0.1 to 
0.2 degrees of this trend can be attributed 
to the heat released locally in urban areas, 
w

here m
any m

eteorological stations are 
located. 

Their estim
ate of the overall 

w
arm

ing during the last century, including 
uncertainties, is 0.4 to 0.8 degrees C

elsius 
(0.7 to 

1.4 degrees 
Fahrenheit). 

This 
estim

ate is supported independently by 
other com

pilations 
(Jones 

and 
others, 

1986), including analyses of sea surface 
tem

perature data. 
The average global 

w
arm

ing over the last century is roughly 
consistent w

ith the m
agnitude of w

arm
ing 

expected from
 the increase in greenhouse 

gases during the sam
e period.

Oo
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ean 

5 Year M
ean
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I9

0
0

 
I9

2
0

 
I9
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I960

I960

Figure 12. 
N

orm
alized m

ean global tem
peratures, 1880-1987. 

(S
ource: 

H
ansen and Lebedeff, 1988).
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P
re

d
ictin

g
 

the 
G

reenhouse 
E

ffect
P

redicting future clim
ates is one of 

the 
m

ost 
challenging 

and 
im

portant 
scientific problem

s of our tim
e. 

P
redicting 

the clim
atic effects of trace gases requires 

the m
ost sophisticated clim

ate m
odels and 

the 
m

ost 
pow

erful 
supercom

puters. 
C

hanges in m
ean global tem

perature and 
precipitation, as com

puted by five of the 
m

ost w
idely 

cited 
atm

ospheric 
general 

circulation m
odels (G

C
M

's), are given in 
Table 1. 

These changes w
ere com

puted 
for equilibrium

 clim
ate conditions after a 

doubling 
of 

atm
ospheric CC>2, w

hich is 
expected to occur som

etim
e during the 

next century. 
M

ean global tem
peratures 

are expected to increase by about 2 to 5 
degrees 

C
elsius, 

w
hile 

m
ean 

global 
precipitation is predicted to rise by about 7 
to 

15 percent. 
The global precipitation 

increase 
is 

accom
panied 

by 
a 

corresponding increase in the 
m

odeled 
global 

evaporation. 
The 

effects 
of 

increasing concentrations of trace gases 
other than CC>2 are expected to accelerate 
and add to the effects m

odeled here.
The significance of these predicted 

clim
ate 

effects 
can 

be 
gaged 

by 
com

parison 
to 

the 
estim

ated 
5-degree 

C
elsius m

ean global tem
perature change 

associated w
ith the end of the last ice age. 

U
nfortunately, 

there 
is 

no 
consistency 

am
ong 

greenhouse 
predictions 

beyond 
the 

global 
equilibrium

 
m

ean 
effects 

represented by the results show
n in the 

table. There are still too m
any uncertainties 

in clim
ate 

m
odels to realistically predict 

regional effects, or to project changes that 
w

ill occur during the tim
e of transition to a 

new
 equilibrium

 clim
ate.

M
odel/S

tudy
C

hange in
Tem

perature 
P

recipitation 
(°C

)_
_
_
_
_
(P

e
rce

n
t)

G
eophysical Fluid D

ynam
ics 

Laboratory / W
etherald and 

M
anabe (1988)

G
oddard Institute for S

pace 
S

tudies / H
ansen and others 

(1984)

N
ational C

enter for A
tm

ospheric 
R

esearch / W
ashington and 

M
eehl (1984)

O
regon S

tate U
niversity / 

S
chlesinger and Zhao (1988)

U
nited K

ingdom
 M

eteorological 
O

ffice / W
ilson and M

itchell (1987)

4
.0

4
.2

3.5

2.8

5
.2

8
.7

11.0

7.1

7
.8

15.0

Tabto 1. C
hanges in the global m

ean surface air tem
perature (Ts

) and precipitation rate (P) sim
ulated 

by various atm
ospheric general circulation/m

ixed-layer ocean m
odels for a C

O
2 doubling. 

(S
ource: 

S
chlesinger, 1988).

18



M
aj

or
 

U
nc

er
ta

in
tie

s 
in

 
G

lo
ba

l 
C

lim
at

e 
M

od
el

 
P

ro
je

ct
io

ns

M
an

y 
fu

nd
am

en
ta

l 
un

ce
rta

in
tie

s 
ar

e 
w

id
el

y 
ac

kn
ow

le
dg

ed
 t

hr
ou

gh
ou

t 
th

e 
cl

im
at

e 
an

d 
tr

ac
e 

ga
s 

re
se

ar
ch

 
co

m
m

un
iti

es
. 

Th
es

e 
in

cl
ud

e 
th

e 
fo

llo
w

in
g 

pr
ob

le
m

s:

o 
P

re
di

ct
in

g 
fu

tu
re

 
gr

ee
nh

ou
se

 
ga

s 
an

d 
ae

ro
so

l 
em

is
si

on
s 

re
qu

ire
s 

a 
va

st
 a

rr
ay

 o
f 

as
su

m
pt

io
ns

 a
bo

ut
 f

ut
ur

e 
te

ch
-n

ol
og

ie
s,

 
ec

on
om

ic
 

an
d 

so
ci

al
 

de
ve

lo
pm

en
ts

, 
in

te
rn

at
io

na
l 

re
la

tio
ns

hi
ps

, 
an

d 
re

so
ur

ce
 n

ee
ds

 a
nd

 a
va

ila
bi

lit
ie

s.

o 
A

 
th

or
ou

gh
 

kn
ow

le
dg

e 
of

 
th

e 
so

ur
ce

s 
an

d 
si

nk
s 

of
 a

tm
os

ph
er

ic
 t

ra
ce

 
ga

se
s 

re
qu

ire
s 

un
de

rs
ta

nd
in

g 
th

e 
gl

ob
al

 
b

lo
g

eo
ch

em
ic

al
 

cy
cl

es
 

of
 

ca
rb

on
, 

ni
tro

ge
n,

 s
ul

fu
r, 

an
d 

re
la

te
d 

el
em

en
ts

.

o 
C

lim
at

e 
w

ar
m

in
g 

w
ill

 b
e 

de
la

ye
d 

by
 

oc
ea

n 
he

at
 

ex
ch

an
ge

, 
w

hi
ch

 
w

ill
 

ab
so

rb
 s

om
e 

of
 t

he
 h

ea
t 

re
ta

in
ed

 i
n 

th
e 

at
m

os
ph

er
e.

 
U

nd
er

st
an

di
ng

 t
hi

s 
pr

oc
es

s 
w

ill
 

re
qu

ire
 

co
up

lin
g 

no
n-

eq
ui

lib
riu

m
 

m
od

el
s 

of
 

at
m

os
ph

er
ic

 
an

d 
oc

ea
ni

c 
ci

rc
ul

at
io

n.

o 
M

an
y 

cl
im

at
e 

m
od

el
 u

nc
er

ta
in

tie
s 

ar
e 

at
tri

bu
te

d 
to

 t
he

 e
ff

ec
ts

 o
f 

cl
ou

ds
, 

w
hi

ch
 c

an
 b

ot
h 

en
ha

nc
e 

an
d 

at
te

nu
at

e 
w

ar
m

in
g 

at
 t

he
 e

ar
th

 s
ur

fa
ce

, 
de

pe
nd

in
g 

on
 t

he
ir 

in
te

ra
ct

io
ns

 w
ith

 o
th

er
 fe

ed
ba

ck
s 

in
 th

e 
cl

im
at

e 
sy

st
em

.

o 
Th

e 
h

yd
ro

lo
g

lc
 

cy
cl

e 
is

 t
he

 
m

os
t 

im
po

rta
nt

 
an

d 
po

or
ly

 
un

de
rs

to
od

 
co

m
po

ne
nt

 o
f e

ne
rg

y 
an

d 
w

at
er

 e
xc

ha
ng

e 
at

 th
e 

la
nd

 s
ur

fa
ce

.

o 
C

lim
at

e 
m

od
el

er
s 

ar
e 

in
cr

ea
si

ng
ly

 
em

ph
at

ic
 t

ha
t 

th
ei

r 
w

or
k 

ca
nn

ot
 y

et
 b

e 
us

ed
 t

o 
pr

ed
ic

t 
an

yt
hi

ng
 o

n 
a 

re
gi

on
al

 
sc

al
e.

19



M
ajor 

U
n

ce
rta

in
tie

s 
in 

R
egional 

C
lim

ate 
P

re
d
ictio

n
s

The 
follow

ing 
statem

ent 
is 

representative of the consensus am
ong 

clim
ate m

odelers concerning predictions of 
regional 

effects 
such 

as 
droughts: 

"A
lthough 

the 
results 

of 
the 

general 
circulation m

odels often agree w
ell w

ith 
each other and w

ith historical surface air 
tem

perature 
data 

over 
large 

scales 
(global/hem

ispheric/zonal), 
... [they are] 

sim
ply 

not 
yet 

ready 
to 

be 
used 

for 
quantitative 

prediction 
at 

anything 
approaching even a m

ulti-state region, let 
alone 

a 
single 

surrogate 
gridpoint 

representing a particular state, county or 
city. 

O
ver such sm

all scales, a w
ide range 

of 
responses 

is 
currently 

predicted" 
(G

rotch, 1988).

The m
odel results show

n in figure 
14 

exem
plify 

the 
differences 

am
ong 

clim
ate 

m
odel 

sim
ulations 

of 
regional 

effects. 
These plots show

 soil m
oisture 

sim
ulated for three regions by tw

o different 
general circulation m

odels developed by 
the 

N
ational 

C
enter 

for 
A

tm
ospheric 

R
esearch (N

C
A

R
) 

and the G
eophysical 

Fluid 
D

ynam
ics 

Laboratory 
(G

FD
L). 

A
lthough these m

odel sim
ulations are not 

strictly 
com

parable, 
they 

illustrate 
the 

inconsistencies am
ong 

regional clim
ate 

predictions. 
These 

differences in 
soil 

m
oisture projections reflect the 

m
odels' 

disagreem
ent on 

regional 
land 

surface 
w

ater 
balances 

under 
greenhouse 

conditions. 
The solid curves approxim

ate 
seasonal soil m

oisture trends for present

atm
ospheric 

C
O

2 
levels, w

hereas the 
dashed 

curves 
represent 

equilibrium
 

seasonal trends for increased CC>2 levels 
(doubled in the N

C
AR

 m
odel; quadrupled 

in the G
FD

L m
odel).

For the regions show
n, there are 

obvious differences betw
een the m

odels 
in their sim

ulations of both present-day and 
increased-C

C
>2 conditions. 

For the G
reat 

P
lains, 

the 
G

FD
L 

m
odel 

predicts 
decreased soil m

oisture w
ith increasing 

CO
2- The N

C
AR

 m
odel, how

ever, predicts 
increased 

or 
nearly 

unchanged 
soil 

m
oisture for increased C

O
2 in central N

orth 
Am

erica. C
learly, it is prem

ature to attem
pt 

to link regional drought to the greenhouse 
effect.
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F
ig
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re 14. 

A
nnual cycle of soil m

oisture am
ounts (cm

) averaged over several regions, as calculated by the N
ational C

enter for A
tm

ospheric R
esearch 

(N
C

A
R

) and G
eophysical F

luid D
ynam

ics Laboratory (G
F

D
L) general circulation m

odels. 
(S

ource: 
M

eehl and W
ashington, 1988).
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erspectives 
on 

Long-T
erm

 
C

hanges 
in 

C
lim

ate

M
uch of our understanding of the 

w
orkings of the global clim

ate system
 is 

based 
upon 

the 
in

stru
m

e
n

ta
l 

m
eteorological 

observations 
that 

have 
been recorded system

atically around the 
w

orld during the past century. O
ur concept 

of 
w

hat 
constitutes 

"norm
al" 

clim
ate, 

therefore, is heavily influenced by average 
global clim

atic conditions covering only a 
short span of tim

e. 
By exam

ining the 
geologic record w

e can begin to see global 
clim

ates 
from

 
a 

m
uch 

longer 
tim

e 
perspective. 

W
e can look back far beyond 

the past century to see how
 variable clim

ate 
has been during the past 1,000, 10,000, 
100,000, or even m

illions of years.
E

vidence 
of 

past 
clim

atic 
conditions is preserved in the geologic 
record in m

arine and lake sedim
ents, in 

glacier ice, in peat and coal deposits, in 
cave 

deposits, 
coral 

reefs, 
and 

other 
stratified deposits. 

Innovative m
ethods 

have 
been 

developed 
to 

extract 
inform

ation 
about 

past 
clim

ates 
from

 
geologic evidence and to date these past

events by application of several isotopic 
techniques and other dating m

ethods. 
It is, 

therefore, 
possible 

to 
reconstruct 

the 
broad 

outline of 
global 

clim
ate 

history 
spanning m

any m
illions of years. 

M
ore 

detailed clim
ate reconstructions over tim

e 
scales of centuries to tens of thousands of 
years are now

 available from
 m

any parts of 
the 

w
orld. 

By 
exam

ining 
changes 

in 
assem

blages 
of 

clim
ate-sensitive 

organism
s represented by fossil rem

ains 
over tim

e, it is possible to reconstruct the 
consequences of past clim

ate changes 
upon 

ecosystem
s 

in 
both 

m
arine 

and 
terrestrial environm

ents. 
S

tudies of air 
bubbles and dust preserved in glacier ice 
provide 

insights 
into 

the 
changing 

com
position of the atm

osphere through 
tim

e during the past 150,000 years. 
Ice 

core studies also allow
 us to docum

ent 
periods of tim

e w
hen volcanic eruptions 

w
ere m

ore frequent, w
hen w

inds carried 
greater 

am
ounts 

of 
dust 

from
 

the 
continents to distant ice sheets and ice 
caps.

The geologic record of past clim
ate 

change provides insights into the causes 
and m

echanism
s of clim

ate change, the 
rates at w

hich som
e past clim

ate changes 
occurred, 

and 
preserves 

im
portant 

inform
ation about 

the 
effects of 

those 
changes on ecosystem

s, landscapes, and 
the oceans. 

The geologic record tells us 
that there is no single cause of clim

ate 
change. 

M
any factors influence global 

clim
ate. The geologic record indicates that 

clim
ate varies on all tim

e scales due to 
natural causes. 

Those causes are not all 
w

ell 
understood, 

or 
perhaps 

not 
all 

influences on clim
ate are yet recognized. 

The causes and predictability of clim
ate 

variation 
on 

tim
e 

scales 
of 

greatest 
relevance to hum

an populations (decades 
to centuries) are not w

ell understood. 
To 

illustrate how
 m

uch clim
ate has varied in the 

past, global clim
ate trends on several tim

e 
scales w

ill be briefly exam
ined.

2
2



C
lim

at
e 

C
ha

ng
e 

D
ur

in
g 

th
e 

P
as

t 
13

0 
M

ill
io

n 
Y

ea
rs

A
 r

ec
on

st
ru

ct
ed

 t
em

pe
ra

tu
re

 c
ur

ve
, 

sp
an

ni
ng

 th
e 

pa
st

 1
30

 m
illi

on
 y

ea
rs

, a
pp

ea
rs

 in
 

fig
ur

e 
16

. 
Th

e 
cu

rv
e 

re
co

ns
tru

ct
s 

ch
an

ge
s 

in
 

th
e 

te
m

pe
ra

tu
re

 o
f d

ee
p 

oc
ea

n 
w

at
er

s 
at

 lo
w

 
la

tit
ud

es
 o

ve
r t

im
e.

 
It 

is
, t

he
re

fo
re

, c
ol

de
r t

ha
n 

m
ea

n 
gl

ob
al

 a
ir 

te
m

pe
ra

tu
re

s.
 N

ev
er

th
el

es
s,

 it
 

is
 u

se
fu

l 
fo

r 
ill

us
tra

tin
g 

th
e 

pr
ob

ab
le

 g
lo

ba
l 

te
m

pe
ra

tu
re

 t
re

nd
s 

ov
er

 t
ha

t 
ve

ry
 l

on
g 

tim
e 

in
te

rv
al

. 
Th

e 
cu

rv
e 

sh
ow

s 
th

at
 t

he
 d

om
in

an
t 

tre
nd

 o
ve

r t
he

 p
as

t 1
30

 m
illi

on
 y

ea
rs

 h
as

 b
ee

n 
to

w
ar

d 
co

ol
er

 
cl

im
a
tic

 
co

nd
iti

on
s.

 
S

up
er

im
po

se
d 

up
on

 t
hi

s 
lo

ng
-te

rm
 t

re
nd

 a
re

 
si

gn
ifi

ca
nt

 te
m

pe
ra

tu
re

 o
sc

ill
at

io
ns

 th
at

 la
st

ed
 

up
 t

o 
se

ve
ra

l 
m

ill
io

n 
ye

ar
s.

 
Th

es
e 

pe
rio

di
c 

w
ar

m
in

g 
an

d 
co

ol
in

g 
ev

en
ts

 h
ad

 s
ig

ni
fic

an
t 

im
pa

ct
s 

up
on

 g
lo

ba
l 

ec
os

ys
te

m
s 

bo
th

 i
n 

th
e 

m
ar

in
e 

an
d 

te
rre

st
ria

l r
ea

lm
s.

 C
au

se
s 

of
 th

es
e 

lo
ng

-te
rm

 a
nd

 in
te

rm
ed

ia
te

-te
rm

 c
lim

at
e 

tre
nd

s 
ar

e 
no

t 
w

el
l 

un
de

rs
to

od
. 

O
n 

tim
e 

sc
al

es
 o

f 
te

ns
 

of
 

m
ill

io
ns

 
of

 
ye

ar
s,

 
ho

w
ev

er
, 

pl
at

e 
te

ct
on

ic
s 

in
flu

en
ce

d 
gl

ob
al

 c
lim

at
e 

by
 s

hi
fti

ng
 

th
e 

po
si

tio
ns

 o
f 

co
nt

in
en

ts
, 

ca
us

in
g 

in
te

rv
al

s 
of

 m
ou

nt
ai

n 
bu

ild
in

g 
an

d 
vo

lc
an

ic
 a

ct
iv

ity
, a

nd
 

in
flu

en
ci

ng
 t

he
 d

is
tri

bu
tio

n 
an

d 
de

pt
hs

 o
f 

oc
ea

ns
 

an
d 

se
as

. 
A

ll 
of

 
th

es
e 

fa
ct

or
s 

in
flu

en
ce

 g
lo

ba
l c

lim
at

e.
 

Th
e 

gr
ad

ua
l s

hi
ft 

of
 

co
nt

in
en

ta
l 

la
nd

 m
as

se
s 

in
to

 p
ol

ar
 l

at
itu

de
s,

 
an

d 
th

e 
op

en
in

g 
of

 t
he

 A
tla

nt
ic

 O
ce

an
 w

er
e 

im
po

rta
nt

 f
ac

to
rs

 c
on

tri
bu

tin
g 

to
 

lo
ng

-te
rm

 
co

ol
in

g 
tre

nd
s 

du
rin

g 
th

e 
pa

st
 

10
0 

m
ill

io
n 

ye
ar

s.
 I

nt
en

se
 v

ol
ca

ni
sm

 c
an

 c
au

se
 s

ho
rt-

te
rm

 
co

ol
in

g 
of

 c
lim

at
e 

by
 in

je
ct

in
g 

as
h 

pa
rti

cl
es

 in
to

 
th

e 
st

ra
to

sp
he

re
, 

w
he

re
 

th
e 

as
h 

re
fle

ct
s 

in
co

m
in

g 
ra

di
at

io
n 

in
to

 s
pa

ce
. 

P
ro

lo
ng

ed
 

vo
lc

an
is

m
 m

ay
 c

au
se

 
lo

ng
er

-te
rm

 c
lim

at
e 

ch
an

ge
 b

y 
al

te
rin

g 
th

e 
at

m
os

ph
er

e'
s 

ca
rb

on
 

di
ox

id
e 

co
nt

en
t. 

H
ig

h 
m

ou
nt

ai
n 

ra
ng

es
 

in
flu

en
ce

 a
tm

os
ph

er
ic

 c
irc

ul
at

io
n 

pa
tte

rn
s 

an
d 

se
rv

e 
as

 a
cc

um
ul

at
io

n 
ce

nt
er

s 
fo

r 
ic

e 
an

d 
sn

ow
.

O
 

30

o: U
J o
 2

0
U

J a.
 

o
 1

0
a.

 
O

1
 

T
 

I 
I

C
O

M
P

O
S

IT
E

 T
E

M
P

E
R

A
T

U
R

E
 

C
U

R
V

E
 F

O
R

 L
O

W
 L

A
T

IT
U

D
E

S

14
0 

12
0 

10
0 

80
 

60
 

40

M
IL

L
IO

N
S

 O
F

 Y
E

A
R

S
 A

G
O

20
 

0

F
ig

u
rt

 1
6.

 D
ee

p 
se

a 
w

at
er

 te
m

pe
ra

tu
re

 h
is

to
ry

 fo
r t

he
 p

as
t 

13
0 

m
ill

io
n 

ye
ar

s.
 

(S
ou

rc
e:

 
D

ou
gl

as
 a

nd
 W

oo
dr

uf
f, 

19
81

).

2
3



M
ilankovitch 

F
orcing 

of C
lim

ate C
hange

A
bout 2.5 m

illion years ago the 
clim

ate regim
e of the Earth changed into an 

unusual 
m

ode 
of 

high 
am

plitude 
oscillations betw

een long intervals of cool 
or cold clim

ate interrupted by generally 
shorter intervals of w

arm
er clim

ate. 
The 

reasons for this shift are not com
pletely 

clear. 
The em

ergence of the Isthm
us of 

P
anam

a and the opening of the B
ering 

S
trait about 3 m

illion years ago altered 
oceanic circulation 

patterns, and these 
events 

m
ay 

have 
contributed 

to 
the 

change in global clim
ate pattens.

O
ne of the causes of the m

ajor 
clim

atic oscillations during the past m
illion 

years, 
how

ever, 
has 

been 
identified. 

D
uring the 1920's and 1930's a theory w

as 
developed by a Y

ugoslavian engineer and 
m

athem
atician, 

M
ilutin 

M
ilankovitch. 

Xccording to his theory, the sequence of 
ice ages periodically interrupted by w

arm
er 

interglacials and interstadials of the past 
m

illion years could be largely explained by 
celestial m

echanics. 
By calculating the 

changes in the E
arth's orbital param

eters 
through tim

e -
 axial precession, axial tilt, 

and orbital 
eccentricity 

-- 
M

ilankovitch 
show

ed 
that 

different 
latitudes 

w
ould 

receive differing am
ounts of solar energy 

over tim
e scales of tens of thousands to 

hundreds of thousands of years. 
The 

theory could not be tested adequately until 
the past tw

o decades or so, w
hen detailed 

studies of m
arine sedim

ent cores from
 all 

around 
the 

w
orld 

show
ed 

strong 
agreem

ent betw
een the frequencies of 

past 
environm

ental 
changes 

and 
M

ilankovitch's calculated sequence of solar 
insolation changes. 

The chronology of

2
4

past ice ages and w
arm

 interglacials fit the 
predictions of the theory quite w

ell. 
The 

M
ilankovitch theory does not explain all the 

observed variation in global clim
ates of the 

past m
illion years, but it does show

 that 
orbital geom

etry has been the dom
inant 

influence 
on 

tim
e 

scales 
of 

tens 
of 

thousands of years or m
ore. 

Projecting the 
orbital param

eters into the future indicates 
that if hum

an influence on the greenhouse 
effect w

ere not of im
m

ediate concern, w
e 

m
ight instead be concerned about the 

gradual onset of a new
 glacial interval. 

It 
w

ould probably require 
10,000 years to 

attain 
full-glacial 

conditions, 
how

ever. 
Even the early stages of a global cooling 
could 

have 
serious 

consequences 
for 

hum
an populations.

O
xygen 

isotope 
variations 

m
easured 

from
 

fossil 
foram

inifera 
preserved in low

 latitude m
arine sedim

ent 
cores during the past 750,000 years are 
plotted in figure 17. 

The isotopic variations 
w

ere initially believed to reflect sea surface 
tem

perature changes through tim
e. 

Later 
w

ork indicated that changes in global ice 
volum

e 
also contribute to 

variations in 
isotopic com

position of foram
inifera. 

A
 

tem
perature 

scale 
added to the curve 

(figure 17) show
s that the global m

ean 
annual tem

perature (M
AT) has varied about 

1°C
 (1.8 degrees F) above current M

A
T

TOO 
(G

lacial C
N

m
rtM

)

and as m
uch as 5°C

 (9 degrees F) below
 

current 
M

A
T 

during 
the 

past 
750,000 

years. The peaks in the curve that intersect 
the dashed line indicate past intervals of 
w

arm
 interglacial clim

ates. 
The current 

interglacial has lasted for about 10,000 
years, and the record indicates that past 
interglacials lasted about 8,000 to 12,000 
years. 

S
uch w

arm
 intervals have been 

relatively rare during the past 2.5 m
illion 

years and intervals w
arm

er than today are 
even rarer over that tim

e. 
O

nly a few
 

percent of that tim
e has been characterized 

by global tem
peratures com

parable to that 
of the present tim

e. 
Som

e clim
ate m

odels 
predict 

that 
global 

m
ean 

annual 
tem

peratures 
m

ay 
rise 2 to 5 degrees 

C
elsius (3.6 to 9.0 degrees F) above the 

present m
ean tem

perature as a result of 
hum

an 
influence 

on 
the 

greenhouse 
effect. 

If that 
prediction 

proves to 
be 

correct, such a global w
arm

ing w
ould have 

no precedent in the Earth's clim
atic history 

during the past 2.5 m
illion years or m

ore. 
M

any of the organism
s now

 living on earth 
evolved during the past several m

illion 
years of generally cooler clim

ates. It m
ay be 

difficult, therefore, to predict how
 these 

species, and the ecosystem
s that they are 

a part of, w
ould react to a rapid global 

w
arm

ing of such m
agnitude.

Figure 17. 
C

om
posite oxygen 

isotope curve for the 
past 750,000 years of 
Earth history. (S

ource: 
Em

iliani, 1978).
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